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ABSTRACT

MOLECULAR EVOLUTIONARY AND POPULATION
GENETICS ANALYSES OF HUMAN HIN1 HA AND NA
GENES IN PANDEMIC AND NON-PANDEMIC YEARS

The 1918 HINI1 pandemic, known as Spanish Flu, is one of the deadliest
pandemics on recorded history. It is estimated that the Spanish Flu pandemic affected
over 500 million people across the globe, and the death toll is estimated to be between 20
to 50 million. Ever since this, scientists worked hard to find an effective vaccine for
influenza, but its very rapidly evolving nature made this task quite the challenge. In this
thesis we performed molecular evolution and population genetics analyses on 35714
hemagglutinin and 36302 neuraminidase nucleotide sequences to better understand the
evolution of these proteins. The Tajima’s D values showed strong positive selection on
the pandemic year of 2009 and the BEAST analysis results also suggested there was a
greater exponential growth compared to other years. The relaxation of selection and lack
of exponential population growth was inferred from the calculations for 2021 sequences,
whereas the positive selection on the hemagglutinin and neuraminidase proteins was
evident for the 2022 sequences. Outgroup tests also confirmed the positive selection was
acting on the pandemic and non-pandemic years, the tests also confirmed the divergence
of human influenza neuraminidase from the swine influenza neuraminidase. HA2 part of
hemagglutinin and 475-500 nt part of neuraminidase proteins were found to be the most
conserved parts of these proteins. In conclusion, the positive selection on these two
proteins returned after the year 2021, which was a very unusual year for influenza that
caused the positive selection on the virus and the exponential growth rates of the virus to
decline. The most conserved regions can be a good candidate for small molecule/drug

and vaccine studies.
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OZET

INSAN HIN1 VIRUSUNUN HA VE NA GENLERININ
PANDEMI VE PANDEMI OLMAYAN YILLARDA
MOLEKULER EVRIM VE POPULASYON GENETIK
ANALIZLERI

Ispanyol Gribi olarak bilinen 1918 HINI salgii, kayith tarihin en &liimciil
salgmlarindan biridir. Ispanyol Gribi salginmin diinya genelinde 500 milyondan fazla
insan etkiledigi, 6lii sayisinin ise 20 ila 50 milyon arasinda oldugu tahmin ediliyor. O
tarihten bu yana bilim insanlar1 gribe karsi etkili bir as1 bulmak i¢in ¢ok ¢alisiyor fakat
grip virlisiiniin ¢ok hizli degisen dogasi, bu gorevi oldukg¢a zorlu hale getirdi. Bu tezde,
grip virlisiinliin 6nemli olan hemagglutinin ve ndéraminidaz proteinlerinin evrimini daha
1yi anlamak i¢in 35714 hemaglutinin ve 36302 néraminidaz niikleotid dizileri tizerinde
molekiiler evrim ve popiilasyon genetigi analizleri yaptik. Tajima'nin D degerleri, 2009
pandemi yilinda olan gii¢lii bir pozitif secilim gosterdi ve bulgular ayn1 zamanda diger
yillara nazaran daha fazla bir iistel niifus artigina isaret etti. 2021 dizileri i¢in se¢ilimin
gevsetildigi ve iistel popiilasyon biiyiimesinin olmadigi sonucu ¢ikarilirken, hemaglutinin
ve noraminidaz proteinleri iizerindeki pozitif se¢cim 2022 dizileri i¢in agikti. Dig grup
testleri ayrica pandemik ve pandemik olmayan yillardaki pozitif se¢imi ve ayrica insan
influenza néraminidazinin domuz influenza néraminidazindan farkliligint dogruladi.
Hemaglutinin'in HA2 kismi ve néraminidaz proteinlerinin 475-500 nt'lik kisminin bu
proteinlerin en ¢ok korunan kisimlari oldugu belirlendi. Sonug olarak, influenza i¢in ¢ok
olagandisi durumlarin yasandigi, virus lizerindeki pozitif sec¢ilimin ve popiilasyon
biiylimesinin azalmasina neden olan 2021 yilindan sonra bu iki protein lizerindeki pozitif
secilim geri dondiigiinii gordiik. En ¢ok korunan bolgeler kii¢iik molekiil/ilag ve asi

calismalari i¢in iyi bir aday olabilir.
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CHAPTER 1

INTRODUCTION

1.1 Influenza Classification

Influenza viruses belong to the group of negative-sense, single-stranded RNA
viruses. They have the ability to infect a wide range of hosts, including avians, swine,
cattle, and humans, leading to the well-known respiratory illness called "flu." Their
capacity to cross species barriers makes them a constant concern for public health,

requiring ongoing monitoring and research !.

Viral particles of influenza can reach between 80-120nm in diameter. Influenza

viruses belong to the orthomyxoviridae family of viruses 2.

| RIBOVIRIA CLADE
| ‘ ORTHORNAVIRAE KINGDOM
| ‘ NEGARNAVIRICOTA PHYLUM
| : INSTHOVIRICETES | CLASS
v
| ARTICULAVIRALES | ORDER
v
| ORTHOMYXOVIRIDAE | FAMILY
o R
ALPHAINFLUENZAVIRUS | | BETAINFLUENZAVIRUS | | GAMMAINFLUENZAVIRUS | | DELTAINFLUENZAVIRUS

Figure 1.1 Classification of Influenza viruses. (Made with Biorender)



There are four recognized types of influenza: influenza A (IAV), influenza B
(IBV), influenza C (ICV), and influenza D (IDV). Scientists closely study these types to
understand their unique characteristics, virulence, and patterns of transmission, in order

to develop effective strategies for prevention and control.

Meanwhile four different subtypes of influenza exist, currently only influenza A
and influenza B are known to infect humans. The disease, flu, is an upper respiratory
infection caused by the influenza virus. Common symptoms of this disease are fever,
coughs, a sore throat, lack of energy (lethargy), stuffed nose. The main way of

transmitting this disease is airborne particles from an infected individual 3.

1.2 Structure of Influenza A Virus

Influenza A is a single stranded, negative-sense RNA virus with eight RNA
segments. These RNA segments are individually contained in viral ribonucleoproteins,

and these eight segments are packaged within the viral envelope to form a virus particle.
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Non-structural *
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Figure 1.2 The structure of influenza A virus®.
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The eight RNA segments are responsible for producing a total of 11 essential
proteins, each serving distinct functions. Scientists have extensively studied the roles of

these proteins 4.

Hemagglutinin (HA) protein plays a crucial part in enabling the virus to enter host
cells by facilitating its attachment to the cell surface. This specific role makes it an
attractive target for investigations aimed at developing antiviral treatments and vaccines,

as blocking HA's action could hinder the infection process ’ ®.

Similarly, the neuraminidase (NA) protein is vital for the release of newly formed
viral particles from infected cells, aiding the virus in spreading throughout the respiratory
tract. There are studies that are trying to develop antiviral drugs that are targeted at

inhibiting NA’s functions to limit viral replication ® 1°,

Other significant proteins include matrix protein 1 (M1) and matrix protein 2
(M2), which are involved in virus assembly and release, safeguarding the virus's structural
integrity and promoting its genetic material's release into host cells. The influenza
nucleoprotein (NP) plays a pivotal role in packaging the viral RNA segments and

protecting them during replication, contributing to viral RNA synthesis and assembly *!!,

The non-structural proteins, NS1 and NS2, are multifunctional, influencing
various aspects of the virus's life cycle. NS1 counters the host's immune response, while

NS?2 participates in viral assembly and regulation !

The viral polymerase subunits, PA, PB1, and PB2, work in tandem to support viral
replication and transcription. They are crucial for creating new viral RNA segments

during replication .

Lastly, the PBI-F2 protein has been implicated in enhancing the virus's

pathogenicity and influencing infection severity. Researchers are conducting numerous

studies to comprehend its role and potential as a therapeutic target '>.



1.2.1 Hemagglutinin (HA)

Hemagglutinin is a surface protein on influenza virion that facilitates the entrance
to the host cell. HA is a homo-trimetric protein that is glycosylated. HA will recognize
and bind to the sialic acid that is on the host cell membrane. This recognition causes a
conformation change in HA’s structure, in which HA starts the membrane fusion of virus

and the host cell; therefore, facilitating the entrance to the host cell 3.

HA is made up of two different subunits called HA and HA; respectively. Native
HA that has not gone under any conformational change is called HAo. HA| subunit
contains the receptor-binding site for sialic acid and is located at the top of the HA protein.
HA; subunit is bound to the HA subunit with disulfide links, and they are responsible
for binding the HA protein to the viral membrane and contains the fusion peptide that is

used for fusing viral and host membranes 7 ',

Sialic acid
binding sites (_

§ W IR WA B TS

Figure 1.3 Structure of HA protein before the proteolytic processing (left) and after
(right). Blue part is the HA 1, orange part is the HA2'>.



When HA is in low pH environment, HA| will be destabilized, which is required
for the activation of fusion peptide that is in HA». This conformational change happens
when HA receptor-binding site binds to the sialic acid on the host membrane, which
allows fusion protein to undergo conformational changes and expose the fusion peptide.

This allows the fusion of virus and host cell membranes ' '°.

1.2.2 Neuraminidase (NA)

Neuraminidase is another surface protein, and it is responsible for facilitating viral
release from host cell by cleaving the a-ketosidic link between sialic acid and a nearby
sugar molecule, which facilitates the release of newly formed viral particles from the
infected host cell. This process is necessary because the newly formed virions use the
host cell’s cell membrane for their own membrane, meaning the newly synthesized HA
and NA molecules will be inserted into the membrane. This causes newly synthesized HA
proteins to bind with the host’s sialic acid receptors. If these bonds are not cleaved, newly

formed viral particles cannot exit the host cell, therefore they cannot infect more cells !’
1819

=— Head

J\

— Stalk

Transmembrane
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s, ¢ " P XD :
Cytoplasmic
S Tail
Figure 1.4 Structure of neuraminidase (NA) on influenza membrane. The four parts of the

tetramer are all shown in different colors (orange, grey, purple, green)!’.



Studies also showed that other than allowing newly formed viral particles to leave,
NA also might have functions that help with infecting the host animal during first contact.
NA helps the viral particles to navigate the mucus filled airway of the animal, which is
rich with sialic acid receptors. These mucus-rich airways can help the body fight the
infection by acting as “decoys” and holding the infecting particles near entrance of the

opening where it is easier for body to fight it 171819,

1.3 Current Influenza Vaccine Efforts

CDC (Centers for Disease Control and Prevention) states that the currently used
influenza vaccines are usually 40-60% effective when the infecting influenza type and
influenza type that used to make the vaccine matches 2°. These vaccines are considered
as “old-generation” and every year, WHO (World Health Organisation) selects four

candidates of influenza strains to be put in that year’s vaccination composition 2!.

Overview

The WHO recommends that trivalent vaccines for use in the 2023-2024 northern hemisphere influenza season
contain the following:

Egg-based vaccines
e an A/Victoria/4897/2022 (H1N1)pdmO09-like virus;

* an A/Darwin/9/2021 (H3N2)-like virus; and
* a B/Austria/1359417/2021 (B/Victoria lineage)-like virus.

Cell culture- or recombinant-based vaccines
* an A/Wisconsin/67/2022 (H1N1)pdm09-like virus;

* an A/Darwin/6/2021 (H3N2)-like virus; and
* a B/Austria/1359417/2021 (B/Victoria lineage)-like virus

For quadrivalent egg- or cell culture-based or recombinant vaccines for use in the 2023-2024 northern
hemisphere influenza season, the WHO recommends inclusion of the following as the B/Yamagata lineage
component:

* a B/Phuket/3073/2013 (B/Yamagata lineage)-like virus.

Figure 1.5 WHO vaccine composition recommendation for northern hemisphere 2023-

2024 season??.



1.3.1 Classical Influenza Vaccines

1.3.1.1 Egg Based Influenza Vaccines

The classical influenza vaccines are made in two main ways: using fertilized
chicken eggs and more recently, using cell cultures. For the egg-made vaccine process,
the candidate viruses are picked, and passaged into the fertilized eggs where they will
multiply and be ready for harvest. This method does not always work on viruses, and in
that case the virus is passaged into the egg with a “donor” virus that is viable in egg. This
way, there is a chance that the donor and the unviable virus swap gene segments, resulting
in a virus with wanted specific antigenic properties (candidate virus antigenic parts) with
egg-viable segments. This way the unviable candidate viruses could be produced for
vaccines. After the incubation period, the allantoic fluid is harvested and influenza virus

is killed or inactivated with chemicals to be used in vaccines 2! 2> %4,

The traditional egg-based production method is a well-established approach but
comes with certain challenges. In the case of inactivated vaccines, each vaccine dose
necessitates three to four chicken eggs, depending on whether it's a trivalent inactivated
vaccine (TIV) or a quadrivalent influenza vaccine (QIV). This requires the coordination
of the production of over 100 million embryonated chicken eggs from pathogen-free
flocks. Maintaining the cleanliness of these flocks and ensuring sterility during the
manufacturing process can be difficult. Hygiene lapses can result in the rejection of large
quantities of vaccine. Additionally, not all virus strains thrive in embryonated hens' eggs,

particularly H3N2 strains *°.

Crucially, the manufacturing process for inactivated influenza vaccines require
the influenza virus to infect the cells used (such as avian cells in eggs). Seasonal viruses
naturally grow in humans and, as a result, can grow in certain mammalian cells. To infect
a cell, the influenza virus must bind to a cellular receptor. Avian cells have different
receptors compared to mammalian cells. Therefore, for a human influenza virus to grow
effectively in avian cells, it must adapt to bind to the avian receptor, a process known as
egg adaptation. Unfortunately, the region on the influenza virus where this adaptation

occurs is the same region that is antigenically dominant. This means that as the virus
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adapts to grow in eggs, it has the potential to differ antigenically from circulating viruses.
This difference may lead egg-based vaccines to be potentially less effective in preventing
influenza infection compared to their non-egg adapted counterparts grown in mammalian

cells 2> %,

1.3.1.2 Cell Culture Based Influenza Vaccines

The cell culture technology in influenza vaccine making eliminates the need to
have millions of healthy flock eggs to be used in the vaccine making. It also eliminates
the need to use avian-binding influenza virus to be incubated in egg, which resulted in
lower antigenicity for human vaccine uses. In this method, the candidate viruses are
grown in Madin-Darby Canine Kidney (MDCK) cells, which are mammalian kidney
cells. Furthermore, cell-based production is not reliant on a steady supply of eggs. Instead,
MDCK cells can be frozen in large quantities if there is a need, especially during a
pandemic. Both cell-based and recombinant influenza vaccines are accessible for use in
the United States, and recently, a cell-based quadrivalent influenza vaccine has also
received approval in the EU. Initiatives are in progress to make these vaccines available

in more regions > %°,

Studies have demonstrated that viruses derived from cells are more closely
aligned with circulating viruses compared to those derived from eggs. Analysing data
from the WHO Collaborating Centre for influenza, researchers have assessed the
similarity between circulating viruses from the 2003 season and those from the 2017—
2018 season with selected MDCK-derived and egg-derived viruses, some of which were

chosen for the respective season's vaccine % 2°,

1.3.2 mRNA Vaccines for Influenza

Following the SARS-CoV2 pandemic and the efforts for an effective mRNA
vaccine for COVID-19, the work for an mRNA based vaccine for influenza picked up the

pace. Top pharmaceutical companies are developing mRNA vaccines for influenza which,
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if successful, could be much more efficient in influenza prevention compared to the
classical vaccines. While there are very few vaccines in clinical trials, there are more

being developed and will be entering clinical trials?’.

Table 1.1. mRNA vaccines that are being developed?’.

Developer | Product Name | Type | Antigen
In Clinical Trials
Pfizer PF-07252220 Monovalent (HIN1) and Hemagglutinin
(B/Yamagata), to be combined into
bivalent and quadrivalent
Moderna mRNA-1010 Quadrivalent Hemagglutinin
Sanofi/Translate Bio MRT-5400, Monovalent (H3N2) Hemagglutinin
MRT-5401
Preclinical State
Moderna mRNA-1020 Multivalent Hemagglutinin+
mRNA-1030 Neuraminidase
Moderna mRNA-1073 Quadrivalent + Hemagglutinin
COVID-19
Sanofi Quadrivalent Hemagglutinin
NIAID Monovalent (HIN1) Hemagglutinin
NIAID Universal Hemagglutinin stem
Innorna Quadrivalent and Hemagglutinin
Pentavalent (two H3N2
Strains)

1.4 2009 HIN1 Influenza Pandemic (Swine Flu Pandemic)

The 1918 Spanish flu pandemic witnessed a significant event when the influenza
virus jumped from avians to humans, an unprecedented cross-species transmission at that
time. This occurrence paved the way for future zoonotic transmissions, impacting global
health for years to come. Almost a century later, in 2009, the swine flu pandemic emerged,

with the virus jumping from swine to humans, causing widespread concern worldwide %8
293031

The 2009 swine flu was yet another deadly pandemic caused by an influenza virus,
with first being the 1918-1920 Spanish flu and the second one the 1977 Russian flu
pandemics for HIN1 32 %3, The 2009 pandemic influenza was first discovered in two
distinct cases in United States during April of 2009 **. The 2009 pandemic HIN1 was a
new strain formed from a triple assortment of avian, swine, and human influenzas which

then further combined with Eurasian swine flu, earning its name the “swine flu” 333,



There were more than 50 thousand confirmed cases worldwide, however this
number is believed to be severely underestimated. In a study it is estimated that the real
number of cases were ranging between 700 million to 1.4 billion people, including mild
symptomatic cases and asymptomatic cases. This equates to 11 to 21 percent of world

population at the pandemic years®’.

The 2009 swine flu pandemic served as a wake-up call, prompting worldwide
efforts to improve preparedness and collaboration, ensuring a safer and healthier world

for future generations>®,

1.5 Hypothesis and Aims of the Study

The hypothesis of this thesis is studying the molecular evolution of 2009
pandemic HINT1 influenza viral sequences can give valuable information about the types
of selection acting on the hemagglutinin and neuraminidase proteins of the virus. These
findings can be used to identify the most conserved and fastest evolving parts of these
proteins that can be utilized for better vaccine and drug (small molecule) development

and monitor global viral dynamics.

To address this hypothesis firstly, the HIN1 HA and NA nucleotide sequences
from the 2009 pandemic, 2015-2021 non-pandemic, and 2022 SARS-CoV2 post-
pandemic years from six continents are gathered and their phylogenetic topologies are
compared in a Bayesian time-tree framework. Secondly, molecular population genetics
and selection analyses compared and contrasted the dynamics of molecular evolution in
different years and in different continents. The nature of selection (positive, negative or

balancing) acting on HA and NA sequences are inferred.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Data Collection and Preparation

The HA and NA sequences for the data analyses were all collected from GISAID

(https://gisaid.org)*®. Only fully sequenced data was collected, in order to be able to

analyse the full nucleotide sequences of HA and NA proteins. However, in order for
Dnasp software to use the data, there could be no unambiguous characters in the files *°.
To remove the sequences that contained unambiguous characters, firstly all unambiguous
characters were turned into “N” using USA government’s official HIV sequence
database’s format conversion tool

(https://www.hiv.lanl.gov/content/sequence/FORMAT CONVERSION/form.html).

After this conversion, all the sequences that contained the letter “N” were removed by
using a Biopython script. After removing those sequences, all the sequences were aligned

using MAFFT 7.4872.1 alignment tool*!.

Table 2.1. The number of HA nucleotide sequences for each year and continent.

Africa Asia Australia Europe N. America S. America

2009 124 941 140 727 1937 66

2015 60 781 42 598 427 51

2016 271 770 163 1315 1714 439

2017 315 922 137 394 895 43

2018 350 1369 399 1489 2209 364

2019 129 1641 501 2124 3555 65

2020 179 453 129 1382 2117 84

2021 162 18 - 9 17 -

2022 258 355 238 1936 765 118
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Table 2.2. The number of NA nucleotide sequences for each year and continent.

Africa Asia Australia Europe N. America S. America

2009 131 980 140 771 2090 64
2015 73 893 40 641 427 96
2016 279 891 154 1401 1714 75
2017 346 1015 140 389 895 46
2018 378 1597 80 1604 2355 75
2019 137 1964 514 2281 3555 80
2020 198 565 140 1455 2117 94
2021 170 10 - 16 17 -

2022 215 336 243 1657 670 88

The BioPython script for clearing out the sequences that contain the letter “N” is

as follows*?:
“import sys
from Bio import SeqlO
for record in SeqlO.parse(sys.argv[1], "fasta"):
if record.seq.count('N') == 0:
print(record.format("fasta"))”

The outgroups for HA sequences were picked as human H5 sequences, with the
following GISAID isolate IDs: EPI_ISL 379574, EPI ISL 195732, EPI ISL 195659,
EPI ISL 8799552, EPI ISL 305763. For NA, swine NAl sequences were used as
outgroup. The GISAID isolate IDs for the swine NA outgroups are: EPI_ISL 238917,
EPI ISL 281883, EPI ISL 304066, EPI ISL 304068.

2.2 Population Genetics and Molecular Evolution Analyses

All the population genetics and molecular evolution analyses were done by using
DnaSP6 software*’. Analyses were done using the aligned nucleotide sequences of HA
and NA. The tests for population genetics analyses are: calculation of nucleotide diversity,
Theta-W (Watterson theta estimation) calculation, and neutrality tests: Tajima’s D, Fu-

Li’s D, Fu-Li’s F, Fu-Li’s D*, Fu-Li’s F*. In addition to these tests that tests for neutrality,
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McDonald-Kreitman (MK) test and Fay and Wu’s H tests were used with outgroups to
test the direction of selection in the sequences, as well as direction of selection test*’. The
Greek letter m, stands for nucleotide diversity in the analyses and it shows the average
number of nucleotide differences between two sequences in the alignment **. Watterson

estimator, 0, is used to show the nucleotide proportion distribution of polymorphic sites
45

In addition to these parameters, neutrality tests give very valuable information
about the selection on the sequences by calculating neutrality. Tajima’s D shows the
selection that is on the population and how is the population size changing. If the Tajima’s
D value is zero, it signifies that there is no indication of selection upon the population. A
positive Tajima’s D value signifies that there is a negative selection on the population,
and the size of population is decreasing. A negative Tajima’s D value shows that there is
a positive selection for a specific allele, and the population is expanding in a quick fashion
46 Another measurement of selection on the population is the Fu-Li’s tests. For Fu-Li’s
tests, a negative number means that there is a great number of singletons in the sample
while a positive number means the samples lack a good number of singletons. The tests,
Fu-Li’s D* and Fu-Li’s F* are used to measure the singletons interspecies method (only
the same species of data) meanwhile Fu-Li’s D and Fu-Li’s F measurements require an

outgroup to perform singleton calculations®”.

Other calculations for selection on the populations are Fay and Wu’s Hn test, and
McDonald-Kreitman tests. Fay and Wu’s Hn test measures the selection on the population
based on a change in population size or a selective sweep in the population **. The
McDonald—Kreitman test serves as a statistical tool frequently employed by evolutionary
and population biologists. Its primary purpose is to identify and quantify adaptive
evolution occurring within a species. This test achieves this by assessing whether adaptive
evolution has taken place and by determining the proportion of genetic substitutions
resulting from positive selection, also referred to as directional selection. In the context
of the McDonald-Kreitman (MK) Test, negative selection is indicated when the neutrality
index is less than one. This happens when the rate of genetic changes that lead to amino
acid differences (nonsynonymous) between species is lower than the rate of such changes
within a single species. On the other hand, positive selection is observed when the
neutrality index exceeds one. This occurs when there is a higher proportion of explained

genetic variations in the opposite direction. Additionally, the test calculates a P-value
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based on the Chi-square value to assess the statistical significance of these findings *° >

51

2.3 BEAST Analyses for Evolution Simulations

BEAST (Bayesian Evolutionary Analysis Sampling Trees) is a program that uses
MCMC (Markov chain Monte Carlo) for Bayesian analysis 2. To use BEAST, firstly a
BEAST XML file was made by using its companion software, BEAUti. The aligned
nucleotide sequences were loaded into BEAUti 1.10.4, where it is possible to select
origins year of sequences, the molecular clock model >, nucleotide substitution model,
population growth mode. For this thesis, all the sequences were analyzed with GTR
substitution model, with 4 gamma categories for site heterogeneity, and nucleotide
positions unlinked into three partitions. The clock model is random local clock 3, and the
tree prior is exponential growth, which is selected by looking at Tajima’s D scores. All
files were run for 1 million Markov chains, logging parameters every 1000 Markov chain.

The outputs of BEAST 1.10.4 analyses were read using Tracer 1.7.2 >,

2.4 Tree Construction and Visualization

The consensus tree for each of the analyses was made by using the BEAST
companion software TreeAnnotator 1.10.4. Maximum clade credibility trees were
constructed using the tree files that was created by BEAST software after the Bayesian
MCMC analyses alongside with log files. The constructed tree files were visualized with

55

FigTree 1.4.4 (http:/tree.bio.ed.ac.uk/software/figtree/) software and TreeViewer

software S(https:/treeviewer.org). The colorings for the trees were made with a

BioPython script.
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CHAPTER 33

RESULTS AND DISCUSSION

In total 35714 HA and 36302 NA sequences were used for the analyses in this
thesis. North America, Europe, and Asia continents contributed to most of the number of
sequences meanwhile South America continent contributed the least. For 2021, at the time
of gathering sequences and conducting analyses, there were no sequences on GISAID flu
database for South America and Australia continent. The specific numbers of sequences

per year for each continent can be found in Tables 2.1 for HA, and Table 2.2 for NA.

3.1 Timetree Phylogenetic Analyses of 2009pdm HIN1 HA and NA

Sequences

The timetrees of HA and NA were constructed using sequences from all years
across all the continents. The selection was based on the percentage of each sample
contributes to the total number of samples. If the number corresponded to the percentage

was lower than 5, it was counted as 5.

The HA tree topology shows a distinct separation during 2017, with both clades
seemingly cascade into many smaller clades that go on throughout the years. There are
no data for years 2010-2014, therefore it is not possible to comment on the divergence
patterns in those years. Comparing 2009 and rest of the tree, the sequences are much
closer to each other; a drastic separation cannot be observed like there is in 2017, or in

2018.

The continents which are the closest relative to the clade that leads to the next
year is not constant. The closest relative of 2015 clade is North America, meanwhile the

closest relative of 2016 clades are Africa and Europe. The sequences are also not clustered
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together based on their continent of origins. These findings are in line with the GISAID

flu genomic epidemiology HA timetree (appendix).

While some years have very distinct separations such as 2015, 2017, 2018 other
years do not have a distinct separation, like 2009, 2016, 2020. This is further supported
by the posterior probabilities of the branches of the tree (Supplementary Figure 55).

The posterior probabilities for the separation of 2017 branches are low, however

it is the best tree topology out of ten thousand (Supplementary Figure 55).

Table 3.1. Number of sequences used to construct the 2009 pandemic HA timetree with

all years and continent included (2994 sequences used in total).

Africa Asia Australia Europe N. America | S. America
2009 10 79 11 61 162 5
2015 5 65 5 50 35 5
2016 33 64 13 110 143 36
2017 26 77 11 33 75 5
2018 29 114 33 125 185 30
2019 10 137 42 178 298 5
2020 15 38 10 116 177 7
2021 13 5 5 0 5 0
2022 21 29 19 164 64 9

The NA tree showed clearer distinction for each years, with each year showing up as at
least two distinct clades, with separate branches leading to the clades. Similar to HA tree,
the 2009 data is closer to each other compared to the other years. Because there are no
2010-2014 sequence data it is not possible to claim which continent is closer to the 2015
clade. Similar to HA tree, the continents do not group within each other and the sequences
belonging to different continents can be seen as closer to each other rather than being

closer to the other sequences from the same continents.

The posterior probabilities for separation of year’s branches are not high, however

the tree topology is the best out of ten thousand tree tries (Supplementary Figure 56).

Similarly, the NA tree does not have a specific continent in which the next year’s
clades are formed from. This is further supported by the GISAID flu genomic
epidemiology NA timetree (Supplementary Figure 54).
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Table 3.2 Number of sequences used to construct the 2009 pandemic NA timetree with

all years and continent included (2989 sequences used in total).

Africa Asia Australia Europe N. America S. America
2009 10 80 10 63 172 5
2015 6 73 5 52 35 7
2016 23 73 12 115 141 6
2017 28 83 11 32 73 5
2018 31 131 6 132 194 5
2019 11 162 42 188 293 6
2020 16 46 11 120 174 7
2021 14 5 0 5 5 0
2022 17 27 20 136 55 7
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The tree topology is similar to the HA tree (Figure 3.1), however there are no
distinct clades for 2017 and 2018. It can also be seen that the 2022 sequences are closer
to each other compared to other years on the tree. It is seen that some years have ancestors
back more than two years, indicating that these viruses still might be circulating in the
population. For some of the sequences, branch lengths of 2022 is longer than other years.

The low amount of sequences for year 2021 could be a reason for this.

2010

Figure 3.3 The 2009 pandemic HIN1 time tree showing the phylogenetic relationship
between HA nucleotide sequences from Africa continent across nine years

(2009 — 2022).

The topology of the tree is similar to the NA tree (Figure 3.2). Compared to the
HA tree of Africa continent, the 2022 sequences are closer to each other, similar to those
of 2009. The branch lengths of 2022 is similar to other years, except one sample. This
shows that for these samples, the lineage of NA is not interrupted by a lack of infections

in 2021.
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2008

Figure 3.4 The 2009 pandemic HINI time tree showing the phylogenetic relationship

between NA nucleotide sequences from Africa continent across nine years

(2009 — 2022).

The topology of the tree is similar to the topology of the main HA tree. While the
distinct separation of 2017 cannot be seen, the separation can be observed in the 2018

sequences. The 2022 sequences are not as separated as Africa HA tree.
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Figure 3.5 The 2009 pandemic HINI time tree showing the phylogenetic relationship
between HA nucleotide sequences from Asia continent across nine years

(2009 — 2022).

The Asia tree for NA was constructed 1610 sequences. Its topology is of similar
to the consensus NA tree. Some of the 2021 sequences have their closest relative in 2019,

which are similar to the consensus NA tree.

3

4

Figure 3.6 The 2009 pandemic HINI time tree showing the phylogenetic relationship
between NA nucleotide sequences from Asia continent across nine years

(2009 — 2022).
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The Europe tree topology for HA shows similarity to the consensus HA tree
topology. The distinction of two clades in 2017 is observed. The more recent years having

longer branch lengths is observed.
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Figure 3.7 The 2009 pandemic HINI time tree showing the phylogenetic relationship
between HA nucleotide sequences from Europe continent across nine years

(2009 — 2022).

The Europe tree for NA shows clade separation of the year 2022, which is similar
to the consensus NA tree. The earlier years also show similar topologies with the

consensus NA tree.
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Figure 3.8 The 2009 pandemic HINT1 time tree showing the phylogenetic relationship
between NA nucleotide sequences from Europe continent across nine years

(2009 — 2022).

The Australia tree for HA shows a more separated topology compared to the consensus
HA tree. The smaller 2022 HA clades have a longer branch length than the biggest 2022

clade.

Figure 3.9 The 2009 pandemic HINT1 time tree showing the phylogenetic relationship
between HA nucleotide sequences from Australia continent across nine years

(2009 —2022).
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All of the 2022 branches have at least a length of two years because there are no
available data for 2021 sequences for Australia continent. This is also apparent for the
Australia tree for NA. The 2022 sequences are in the same clade except a few, which

looks similar to the consensus NA tree.

Figure 3.10 The 2009 pandemic HIN1 time tree showing the phylogenetic relationship
between NA nucleotide sequences from Australia continent across nine years

(2009 — 2022).

The North American tree for the HA nucleotide sequences exhibits a topology that
closely resembles the consensus HA tree. Notably, the distinct separation of the clades
from the year 2017 is readily discernible. It is noteworthy that one of the larger clades
originating in 2022 traces its most recent ancestor back to the year 2020, rather than 2021,
a pattern that aligns with the overall consensus HA tree. This characteristic is also
observed in the other HA trees, although to a lesser extent when compared to the North

American HA tree.
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Figure 3.11 The 2009 pandemic HIN1 time tree showing the phylogenetic relationship
between HA nucleotide sequences from North America continent across nine

years (2009 —2022).

North American NA tree show a similar topology to the consensus NA tree, the
separation of the 2017 clades is similar, and it can be seen that the 2022 sequences cluster

together unlike the consensus NA tree.

4

Figure 3.12 The 2009 pandemic HIN1 time tree showing the phylogenetic relationship
between NA nucleotide sequences from North America continent across nine

years (2009 —2022).
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The South America HA tree topology does not look similar to the consensus HA
tree. This might be a result of the nucleotide diversity and selection acting on South

America sequences being different from the rest of the regions (Table 3, 4).
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Figure 3.13 The 2009 pandemic HIN1 time tree showing the phylogenetic relationship
between HA nucleotide sequences from South America continent across nine

years (2009 — 2022).
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Figure 3.14 The 2009 pandemic HIN1 time tree showing the phylogenetic relationship
between NA nucleotide sequences from South America continent across nine

years (2009 —2022).
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3.2 Population Genetics and Selection Tests on 2009pdm HIN1 HA and
NA Sequences

3.2.1 Genetic Diversity of Hemagglutinin and Neuraminidase Sequences

Year by year comparison of the JC corrected nucleotide diversity of HA shows
that the pandemic year of 2009 has the least amount of overall nucleotide diversity
compared to the other years (Wilcoxon test P < 0.001). This value is higher in 2015 and
follows similar trend for the following years. In 2021, the overall nucleotide diversity
shows higher variance (spread) compared to the other years, and the overall nucleotide
diversity is higher compared to the non-pandemic years. After the unusual 2021 year, the
nucleotide diversity of 2022 sequences increased, and the spread of the overall nucleotide

diversity is less varied compared to 2021 overall nucleotide diversity.
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Figure 3.15 The Jukes Cantor corrected nucleotide diversity values of hemagglutinin

nucleotide sequences separated by years from 2009 to 2022.

Geographic location wise, the overall nucleotide diversity of all the continents is
very similar to each other. There is no statistically significant difference between any of

the continents.
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Figure 3.16 The Jukes Cantor corrected nucleotide diversity values of hemagglutinin

nucleotide sequences separated by continents.

Looking at the Jukes-Cantor corrected m values, there is no consensus about how
the nucleotide diversity is driven. In most of the sequences, the nonsynonymous
nucleotide diversity value is higher, however there is a considerable number of sequences
where the synonymous nucleotide diversity is higher. For both 2009 and 2022, the HA
nucleotide diversity is primarily driven by synonymous diversity rather than
nonsynonymous nucleotide diversity (Supplementary Table 1). It is seen that the
pandemic year 2009 has the lowest amount of synonymous nucleotide diversity and this

value greatly increases after pandemic years. In 2021, the synonymous nucleotide
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diversity is high but the data variation is very high. In 2022, the variation of the data is

less, leading to more statistically significant results.

Specifically, the JC corrected synonymous nucleotide diversity for HA follows a
similar trend to the overall nucleotide diversity. The pandemic year of 2009 has the lowest
synonymous nucleotide diversity, and the non-pandemic years are higher in value. The
synonymous nucleotide diversity being low in 2009 could be attributed to the higher
positive selection acting on those sequences. The synonymous nucleotide diversity values
start to decrease as the time goes on, from 2015 to 2020, where it is the lowest for non-
pandemic years. In 2021, the synonymous nucleotide diversity has increased, and this

increase gets more statistically meaningful in 2022.

2008 E= 2016 0
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Figure 3.17 The Jukes Cantor corrected synonymous nucleotide diversity values of

hemagglutinin nucleotide sequences separated by years from 2009 to 2022.

The continents all have very similar values for the synonymous nucleotide
diversity values for the HA protein. There is no statistically significant difference between
any of the continents. All of the values for synonymous nucleotide diversity for all the
continents are between 0.02 and 0.04. Because synonymous changes do not lead to amino

acid changes they do not affect the structure of the molecule, they are expected to be
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selectively neutral. Therefore, it is not surprising that the 2009 pandemic year sequences
show the least amount of synonymous nucleotide diversity. The effect of continent on the

synonymous nucleotide diversity cannot be concluded from these findings.

0021
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Figure 3.18 The Jukes Cantor corrected synonymous nucleotide diversity values of

hemagglutinin nucleotide sequences separated by continents.

The JC corrected nonsynonymous nucleotide diversity for HA shows that the
pandemic year of 2009 has the lowest value. Similar to synonymous nucleotide diversity,
the values are higher in non-pandemic years with the exception of year 2016. While still
higher than 2009, the year 2016 does not follow the previous trend and is lower compared
to other non-pandemic years. The nonsynonymous nucleotide diversity keeps increasing
from 2015 to 2022, except 2016. In 2021, there is a dramatic increase compared to the
previous year. 2022 nonsynonymous nucleotide diversity is also higher than the other
non-pandemic years, signalling that visible changes in nucleotide sequences are

happening.
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Figure 3.19 Jukes Cantor corrected nonsynonymous nucleotide diversity for

hemagglutinin nucleotide sequences separated by years from 2009 to 2022.

The nonsynonymous nucleotide diversity for Africa is lower compared to the
other continents. While Africa is statistically significant in its low value, the other
continents are not significantly different from each other. This shows that the HA
sequences in Africa continent may be not changing as much as the other continents.
However the other “small” continents (Australia and South America) are not significantly
different from other continents therefore the reason of Africa having lower

nonsynonymous nucleotide diversity cannot be explained with lower sample numbers.
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Figure 3.20 Jukes Cantor corrected nonsynonymous nucleotide diversity for

hemagglutinin nucleotide sequences separated by continents.

The overall nucleotide diversity of neuraminidase nucleotide sequences follows a
similar trend to that of the overall nucleotide diversity of hemagglutinin nucleotide
sequences. The pandemic year of 2009 has the lowest amount of overall nucleotide
diversity, and this value increases in non-pandemic years. In 2016, the overall nucleotide
diversity drops significantly, however the values continues to rise starting at 2017. In
2021, the overall nucleotide diversity is almost double that of 2009. In 2022, the overall

nucleotide diversity decreases, however it is still higher than 2009.
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Figure 3.21 The Jukes Cantor corrected overall nucleotide diversity values of

neuraminidase nucleotide sequences separated by years from 2009 to 2022.

Overall nucleotide diversity for neuraminidase do not differ significantly continent-wise.
Because no continent is different in statistically significant way, which continent has the

most overall nucleotide diversity cannot be said.
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Figure 3.22 The Jukes Cantor corrected overall nucleotide diversity values of

neuraminidase nucleotide sequences separated by continents.

The synonymous nucleotide diversity for neuraminidase nucleotide sequences
shows that in 2009, the synonymous nucleotide diversity is the lowest. This increases
after the pandemic year, and in 2021, the synonymous nucleotide diversity peaks. In 2022,
the synonymous nucleotide diversity is still higher compared to 2009 and other non-
pandemic years. This suggests that the selection on the neuraminidase molecule is relaxed
after the pandemic year, as the synonymous changes are silent changes that do not affect

the selection of neuraminidase.
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Figure 3.23 The Jukes Cantor corrected synonymous nucleotide diversity values of

neuraminidase nucleotide sequences separated by years from 2009 to 2022.

The synonymous nucleotide diversity of neuraminidase does not differ in a
statistically significant way between the continents. All the continents are very similar to
each other therefore from these values, which continent has the most relaxed selection

cannot be inferred.
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Figure 3.24 The Jukes Cantor corrected synonymous nucleotide diversity values of

neuraminidase nucleotide sequences separated by continents.
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The pandemic year of 2009 once again shows the least amount of synonymous
nucleotide diversity in all of the years. Nonysnonymous nucleotide diversity increases in
non-pandemic years. In the year 2021, the nonsynonymous nucleotide diversity is
significantly higher than all of the other years; and in 2022 this value lowers back to
similar levels of non-pandemic years. While nonsynonymous changes give information
about the non-silent changes on the amino acid, the direction of the changes cannot be

inferred with this information alone.

00101

Pi_JC_Nonsyn_Sites

2000 2015 2016 2017 2018 2019 2020 2021 2022
ar

Figure 3.25 The Jukes Cantor corrected nonsynonymous nucleotide diversity values of

neuraminidase nucleotide sequences separated by years from 2009 to 2022.

The nonsynonymous nucleotide diversity is very similar when compared
continent by continent. The values are not significantly different from each other. Looking
at this data, which continent has the amino acid changes that is driven by the

nonsynonymous nucleotide diversity cannot be said.

Looking at both HA and NA sequences, it can be seen that the HA polymorphism
numbers are on most cases higher compared to the NA samples. Looking at 2009 and
2022 numbers, Europe in 2022 has the highest amount of synonymous polymorphism

changes and North America in 2009 has the highest amount of replacement changes. It
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can be seen that the more populated continents have a higher amount of both synonymous

and replacement changes compared to those with less population.

2021 Europe samples for NA have the highest value for nucleotide diversity tests,
as well as Jukes-Cantor corrected tests for all kinds of nucleotide diversity. The lowest
value of JC corrected nucleotide diversity belongs to the South America in 2009.
Comparing the 2009 pandemic year and 2022 post COVID-19 pandemic data, it is seen
that 2022 in general has a higher amount of nucleotide diversity in NA sequences. Overall,
JC corrected nucleotide diversity values are varying for nucleotide diversity of
synonymous sites and nonsynonymous sites, therefore it cannot be decided which kind of

nucleotide diversity type is driving the evolution of NA of 2009 pandemic HINI.
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Figure 3.26 The Jukes Cantor corrected nonsynonymous nucleotide diversity values of

neuraminidase nucleotide sequences separated by continents.
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Looking at the nucleotide diversity for all sites, the highest amount of nucleotide
diversity belongs to the 2020 North America sequences, while the least amount belongs
to the 2009 South America sequences. The 2022 sequences have higher nucleotide
diversity compared to 2009 sequences. In 2009, Asia has the highest 1 meanwhile South
America has the lowest. In 2022, Africa has the highest 1 meanwhile North America has

the lowest value (Supplementary Table 1).

The population genetics tests for NA show that the highest amount of segregating
sites belongs to 2022 Europe samples meanwhile the lowest amount belongs to the 2021
Asia continent (Supplemental Table 2). Between the 2009 and 2022 NA sequences, there
is no clear distinction as to which group has the higher segregating sites. Looking at all
the years and continents, singleton values are almost always lower than the parsimony
informative sites. Comparing the 2009 and 2022 sequences, the 2022 sequences have
more singleton and parsimony informative sites, however North America and Asia have
more singleton sites in 2009 compared to 2022. Following the trend of HA, the
populations where there are fewer samples such as South America, Australia, and Africa
of some years, the singleton sites are greater than the parsimony informative sites. For all
of the NA sequences, the synonymous polymorphisms are greater than the replacement

polymorphisms (Supplemental Table 2).

3.2.2 Selection Tests on Hemagglutinin and Neuraminidase Sequences

Performing the neutrality tests for HA and NA nucleotide sequences helps with
the assessment of selection that is acting on the molecules. All of the Tajima’s D tests are
negative with almost all of them having statistical significance (Supplementary Table 3,
4). The Fu-Li’s D* and F* tests are in line with the results of Tajima’s D tests. In all of
the years, 2009 had the most negative TD results, meanwhile 2021 had the least negative
results and 2021 results are not statistically significant (Supplementary Table 3, 4).
Comparing 2009 and 2022, year 2009 has the more negative values for the neutrality tests
(Supplementary Table 3, 4).
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The negative values of these tests signify that there is a large amount of rare
variants in the samples rather than the consensus variants as a result of rapid population

growth or a selection on the population.

In 2009, overall TD value of hemagglutinin for pandemic year 2009 is the lowest,
which indicates that the selection acting on these hemagglutinin sequences is the most
positive and there is a greater population growth in 2009. In non-pandemic years the TD
values get closer to zero, which is expected compared to the pandemic years. In both 2015
and 2021, the TD values are higher than the other non-pandemic years which signals the
selection is relaxed and the population might be not growing as much compared to other
pandemic and non-pandemic years. After 2021, the TD values are going down, meaning
the positive selection on the hemagglutinin sequences is returning, and the population of

influenza may be growing compared to 2021.
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Figure 3.27 The overall Tajima’s D test results of hemagglutinin nucleotide sequences

separated by year from 2009 to 2022.
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Location-wise, the continents with lower amount of samples (Africa, South
America, Australia) have higher TD values, which indicates that the selection on
hemagglutinin on these continents are more relaxed compared to the big continents (Asia,
Europe, North America). Higher TD results also mean that the population growth on these
continents may be lower compared to the continents that have more negative TD values.
The TD values indicate that in the bigger continents, the virus is effected by more positive

selection and its population growth is higher compared to the smaller continents.
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Figure 3.28 The overall Tajima’s D test results of hemagglutinin nucleotide sequences

separated by continents.

42



The nonsynonymous TD gives further information about the selection acting on
the sequences. The pandemic year of 2009 has the most negative nonsynonymous TD
value, indicating that 2009 has the most positive selection acting on the sequences. This
selection gets relaxed for the non-pandemic years in comparison. In 2021, the
nonsynonymous TD value is the least negative, indicating that the selection on
hemagglutinin is the most relaxed in that year. In 2022, the sequences are getting affected
by more positive selection compared to the previous years, which means the changes on

the amino acid sequences are beneficial to hemagglutinin, and to influenza virus.

Figure 3.29 The nonsynonymous Tajima’s D test results of hemagglutinin nucleotide

sequences separated by years from 2009 to 2022.

The results for the nonsynonymous TD values show that the big continents (Asia,
Europe, North America) have significantly more negative TD values than the other three
continents (Wilcoxon test P < 0.05). This shows that the negative overall TD values are
supported by the nonsynonymous TD values, meaning there is positive selection affecting

the sequences and negative TD values are not just a product of fast population growth.
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Figure 3.30 The nonsynonymous Tajima’s D test results of hemagglutinin nucleotide

sequences separated by continents.

The synonymous Tajima’s D values give information about the selection and
population growth on the molecule based on the synonymous changes in the nucleotide
sequences. However, the synonymous changes on the nucleotide sequences do not change
the amino acid sequence, and the protein structure; therefore, the synonymous changes
are expected to be neutral (silent). Because these changes are silent, they do not affect the
selection on the nucleotide sequences. Instead, the synonymous TD values give

information about the population growth.

The pandemic year of 2009 has the most negative synonymous TD values, which
indicates that the population growth on that year is the highest compared to the other

years.
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Figure 3.31 The synonymous Tajima’s D test results of hemagglutinin nucleotide

sequences separated by years continents.

Looking at the synonymous TD values by continent, the big continents (Europe,

Asia, North America) have the more negative values, which indicates the growth rate for

these continents are higher than the other three.
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Figure 3.32 The synonymous Tajima’s D test results of hemagglutinin nucleotide

sequences separated by years continents.

The Fu-Li’s D* and F* tests also support the (Supplementary Table 3) Tajima’s D
values of hemagglutinin nucleotide sequences. The statistically significant Fu-Li’s D*
and F* signify that there is positive selection affecting the changes on the molecule. This
combined with the nonsynonymous TD values further show that there is positive selection

on the hemagglutinin of influenza.

Furthermore, the inferred exponential growth rate values of hemagglutinin also
shows that the negative Tajima’s D values are also a result of the growing population of

the virus. The lower exponential growth rate, combined with more positive
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nonsynonymous Tajima’s D values are reflected in the overall Tajima’s D values. Here it
is seen that the Asia, Europe, North America growth rates are many times over the smaller

continents. This is also reflected in the overall Tajima’s D values (Figure 3.26)

Inferred Exponential Growth Rates for HA based on BEAST
analyses
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Figure 3.33 The inferred exponential growth rate of HIN1 from the BEAST analyses

using hemagglutinin nucleotide sequences throughout the years.

Looking at the neuraminidase nucleotide sequences, overall Tajima’s D results
show that even in non-pandemic years, the positive selection acting on the nucleotide
sequence is still there. Apart from 2015 and 2021, the TD values are not significantly
different (Wilcoxon test P > 0.1) from the pandemic year of 2009. This signals that the
positive selection on non-pandemic years apart from 2015 and 2021 may have similar
positive selection and the growth rates for those years might be close to the pandemic

year.
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Figure 3.34 The overall Tajima’s D test results of neuraminidase nucleotide sequences

separated by year from 2009 to 2022.

The location-based data shows that the bigger continents (Asia, Europe, North
America) have more negative overall TD values compared to the smaller continents
(Africa, South America, Australia). This is indicative of positive selection not being as
strong and the population growth of these continents not being as high as the other ones.
To get further information about positive selection and population growth,

nonsynonymous TD values and inferred exponential growth rates are analysed.
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Figure 3.35 The overall Tajima’s D test results of neuraminidase nucleotide sequences

separated by continents.

The nonsynonymous Tajima’s D values for neuraminidase nucleotide sequences
show that pandemic year of 2009 has the most negative value, which indicates that the
positive selection acting in that year is greater compared to the non-pandemic years. After
2009, the nonsynonymous TD values are more positive, which indicates the positive
selection on the neuraminidase sequences are relaxed. In 2021, the nonsynonymous TD
values are significantly more positive (Wilcoxon test P <0.05), meaning the least amount

of positive selection is acting on this year. After year 2021, the nonsynonymous TD results
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are more negative, indicating the positive selection acting on the neuraminidase

sequences are retuming.
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Figure 3.36 The nonsynonymous Tajima’s D test results of neuraminidase nucleotide

sequences separated by years from 2009 to 2022.

The nonsynonymous TD results indicate that Europe, Asia, and North America

are significantly more negative (Wilcoxon test P < 0.05), therefore these continents are

more positively selected compared to the other continents. Because the nonsynonymous

TD values give primarily information about selection, synonymous TD values and

inference of growth rates are important to get a clearer picture about TD values.
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Figure 3.37 The nonsynonymous Tajima’s D test results of neuraminidase nucleotide

sequences separated by continents.

The synonymous Tajima’s D values gives information about the population
growth because synonymous changes are assumed to be silent and therefore do not affect
the selection. The 2009 values are the most negative, which indicates that the growth rate
in 2009 is the highest out of all years. The statistically significant difference between 2021
and all other years except 2015 (Wilcoxon test P < 0.05) shows that in 2021, the

population growth was lesser.
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Figure 3.38 The synonymous Tajima’s D test results of neuraminidase nucleotide

sequences separated by years from 2009 to 2022.

There are no statistically significant differences between the big continents

(Europe, Asia, North America) and the smaller continents (Africa, Australia, South

America) (Wilcoxon test P > 0.1). Because of this, how much the population grows for

each continent cannot be said.
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Figure 3.39 The synonymous Tajima’s D test results of neuraminidase nucleotide

sequences separated by continents.

Fu-Li’s D* and F* tests give more specific information about the positive
selection effects on the calculation of Tajima’s D values. For neuraminidase, the Fu-Li’s
D* and F* tests support the TD values (Supplementary Table 4). This, with the findings
of nonsynonymous Tajima’s D values show that there is indeed a positive selection

happening on the neuraminidase of influenza.

Alongside that, the inferred exponential growth rate values of neuraminidase also
shows that the negative Tajima’s D values are also a result of the growing population of

the virus. The lower exponential growth rate, combined with more positive
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nonsynonymous Tajima’s D values are reflected in the overall Tajima’s D values. Here it
is seen that the Asia, Europe, North America growth rates are many times over the smaller

continents. This is also reflected in the overall Tajima’s D values (Figure 3.32)
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Figure 3.40 The inferred exponential growth rate of HIN1 from the BEAST analyses

using neuraminidase nucleotide sequences throughout the years.

The neutrality tests for NA show a similar result to the HA of the 2009 pandemic
HINI1 influenza. Almost all of the Tajima’s D values are negative with statistical
significance. Similar to HA, 2009 sequences scored the most negative values for Tajima’s
D tests. The results of Tajima’s D tests and Fu-Li’s D* and F* results align, with the latter
having statistical significance just like Tajima’s D tests. Comparing 2009 and 2022, 2009

sequences are more negative (Supplemental Table 3, 4).

Allele frequency tests using an outgroup sequence that can be aligned to the
pandemic 2009 pandemic HINT1 sequences can give further information on the nature of
selection on the viral sequences because these tests use the outgroup viral sequence to

polarize observed mutations as ancestral or derived.
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For the hemagglutinin outgroup selection, human H2N5 HA, human H5N1 HA,
swine HIN1 HA, human influenza B HA were tried. Other than the HSN1 HA sequences,
none of the HA sequences could be aligned properly with the human HIN1 sequences
used in this study and therefore HSN1 HA was selected. For neuraminidase, human
H3N2, human influenza B NA, swine HIN1 NA sequences were tried. Swine HIN1 NA
nucleotide sequences were the best aligned with the human HIN1 NA sequences and

therefore swine HIN1 NA was selected as the outgroup for human HIN1 NA analyses.

For HA, human H5N1 HA nucleotide sequence was used as an outgroup for all of
the years and continents. Fu-Li’s D and F tests show that there is still a large amount of
rare variants among the 2009 pandemic HIN1 with tests having statistical significance
(Supplementary Table 3). Fay and Wu’s H and normalized F tests were also negative,
indicating an excess of derived rare variants. When compared to 2022, the 2009 Fu and
Li’s D and F tests show a more negative result, in line with the Fu-Li’s D* and F* tests

that are performed without an outgroup (Supplementary Table 3, 5).

The NA neutrality tests with an outgroup were done using NA nucleotide sequence
of swine HINT as the outgroup. The Fu-Li’s D and F tests for almost all of the samples
are negative and have significance (Supplementary Table 6). This signals that there is an

excess amount of rare variants in the NA sequences.

The McDonald-Kreitman test gives information about the number of fixed and
polymorphic synonymous and nonsynonymous changes on the sequences, as well as the

neutrality index about the sequences.

The McDonald-Kreitman test also gives information about the neutrality index
(NI) and the alpha value. The neutrality index gives information about how much the
sequences derive from being neutrally selected. Ds = Synonymous fixed substitutions, Dy
= nonsynonymous fixed substitutions, P, = polymorphic synonymous substitutions, P, =

nonsynonymous polymorphic substitutions. The neutrality index
NI = (Po/Ps / Du/Ds)

A neutrality index greater than 1 (NI > 1) indicates a negative selection on the
population which manifests itself as an excessive amount of polymorphism. A neutrality
index smaller than 1 (NI < 1) is indicative of positive selection because of a greater

amount of nonsilent divergence in the population.
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Alpha value, which is formulized by;
o =1— (DsPn/DnPs)

gives information about the proportion of substitutions driven by positive selection. The
alpha value can range between - c© and 1. The closer alpha value is to 1, greater the

proportion of substitution driven by positive selection in the population.

Direction of selection (DoS) is a derivative of McDonald-Kreitman test, its

formula being:
DoS = Dn/(Dn + Ds) - Pn(Pn + Ps)

the direction of selection test gives information about the selection on the population even
with scarce amount of data. 0 means a neutral direction, negative values indicate a

negative selection and positive values indicate a positive selection 2,
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Figure 3.41 Direction of selection (DoS) test results of hemagglutinin nucleotide

sequences by using the outgroup human H5N1 HA nucleotide sequences.
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Figure 3.42 Direction of selection (DoS) test results of neuraminidase nucleotide

sequences by using the outgroup swine HIN1 NA nucleotide sequences.

The McDonald-Kreitman tests for HA show that there is a slightly positive
selection on the populations. The neutrality index of 2009 Europe samples are the highest
in the dataset, in line with other tests about the selection being positive. The lowest
neutrality index value belongs to the 2019 North America samples. The neutrality index
gets lower as time approaches to 2021, however after 2021 there is an increase to the

neutrality index and nonsynonymous changes (Supplementary Table 5).

Comparing the 2009 and 2022 values, it is seen that the neutrality index is higher
in 2009 values, which indicates that there was a lesser positive selection on pandemic
sequences in the pandemic year compared to the post SARS-CoV-2 pandemic year of

2022.
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The NA samples have very different results compared to the HA results. The
McDonald-Kreitman tests show no fixed differences between swine N1 and human N1
until year 2018 (Supplementary Table 6). Because there were no fixed differences
between swine H1 and human H1 subtypes, the neutrality index and degree of selection

cannot be calculated.
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3.3 Sliding Window Analyses of Amino Acid Changing (Nonsynonymous)
Nucleotide Diversity

The sliding window analyses show information about the nonsynonymous
(Pi(a)/Pi(s)) changes happening on the amino acid sequences of the hemagglutinin and
neuraminidase. The information here gives more specific meaning to the nonsynonymous
changes happening on the molecules. Knowing which part of the amino acid sequence
part corresponds to which domain and function, information can be inferred as the most

rapidly changing and conserved parts of the molecules.

3.3.1 Sliding Window Analyses of Amino Acid Changing
(Nonsynonymous) Nucleotide Diversity of 2009 pandemic influenza

H1N1 HA Nucleotide Sequences

The 2021 Asia HA sliding window analysis show high peaks on the receptor
binding site and antigenic site of the receptor binding site in HA1. HA2 part shows much
less change. The changes on the receptor binding site may be helping the HA bind itself
to sialic acid in a more efficient way. The changes in antigenic site help may be helping
the influenza virus evade the immune system with novel and unrecognizable antigenic
patterns. However, the positive selection for year 2021 is not strong based on the
nucleotide diversity and Tajima’s D values therefore the nature of these changes cannot

be inferred based on the sliding window analysis.
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Figure 3.45 Sliding window analysis of hemagglutinin nucleotide sequences for Asia

continent for year 2021.

The sliding window analysis for 2022 Asia continent show a stark difference
compared to the 2021 Asia sliding window analysis. While there are many peaks, the rate
of changes is very little compared to the 2021 Asia analysis. There are many peaks, and
even in the more conserved part of the HA, HA2, there are multiple peaks. The biggest
peaks in HA1 correspond to the antigenic sites on the receptor binding domain of
hemagglutinin. These changes may be helping with the immune escape. The changes on
the cleavage site of the fusion (F’) part of the HA1 may help with the conformational

change of HA after it is bound to sialic acid.
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Figure 3.46 Sliding window analysis of hemagglutinin nucleotide sequences for Asia

continent for year 2022.

The sliding window analysis of HA for North America 2021 show lower amount

of nonsynonymous changes compared to the sliding window analysis of HA for Asia

2021. The highest peak of Pi(a)/Pi(s) for North America 2021 is 0.8 meanwhile, for Asia

2021 it is more than 4.0. This indicates while there are changes happening on the HA for

North America for year 2021, the changes are fewer compared to Asia. The biggest peaks

on the HA molecule for North America for 2021 are on the receptor binding domain of

HAL. The antigenic sites and receptor binding sites on the receptor binding domain show

the most changes. These changes may be helping with immune evasion and more optimal

binding to the receptor (sialic acid) respectively.
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Figure 3.47 Sliding window analysis of hemagglutinin nucleotide sequences for North

America continent for year 2021.

The sliding window analysis for HA for North America 2022 shows that the
biggest peak is in the fusion (F’) domain of the HA1. The cleavage site is important for
the conformational change of hemagglutinin after its binding with the sialic acid, which
helps with the fusing the host and viral cell membranes. A secondary big peak is in the
antigenic sites of the receptor binding domain. The changes on the antigenic sites may be
helping the hemagglutinin evade the host immune systems. The peak on the receptor
binding sites on the receptor binding domain indicates that the nonsynonymous changes
may be helping with more optimal binding to hemagglutinin’s receptor. These changes
are presumed to be positive because of the nucleotide diversity, Tajima’s D, BEAST

results all indicating that there are positive selections on the sequences.
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Figure 3.48 Sliding window analysis of hemagglutinin nucleotide sequences for North

America continent for year 2022.

The rate of nonsynonymous changes on the hemagglutinin sequences of 2021
European continent is similar to the 2021 North American rates, however still lower than
the 2021 Asia rates. There are four big peaks on the HA sequences, and they are on the
antigenic sites and receptor binding sites of the receptor binding domain of HA1, the
glycosylation site on the fusion (F’) domain of HA1, and the transmembrane domain of

the fusion domain (F) of HA2.

The nonsynonymous changes occurring on the antigenic sites on the receptor
binding domain may be helping with the immune evasion of influenza. Because the
antigenic sites are recognized by the host immune system, changes occurring in these
sites may make these sites unrecognizable for the host immune system, allowing the
influenza virus to go undetected. The changes on the receptor binding sites of the receptor
binding domain may be helping with optimizing hemagglutinin’s binding to the sialic

acid receptor.

The changes on the glycosylation site of fusion domain (F’) of HA1 may be
affecting how hemagglutinin changes conformation after its initial binding with sialic

acid. The glycosylation plays a role in the modification of the protein, such as folding
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correctly, stabilizing the protein. The changes on the transmembrane region of the fusion
domain (F) in HA2 may be helping with the structural integrity and the stability of the
hemagglutinin by docking the protein more safely and stabile into the viral membrane of

influenza.
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Figure 3.49 Sliding window analysis of hemagglutinin nucleotide sequences for European

continent for year 2021.

The rate of the nonsynonymous changes on the hemagglutinin molecule has
almost doubled compared to the 2021 European sequences. The biggest peak is seen on
the glycosylation site on the fusion (F’) domain, with a smaller peak seen on the cleavage
site on the fusion (F’) domain on the HA 1. Another big peak is observed on the antigenic
sites on the receptor binding domain in HA1. Some smaller peaks are observed on the
antigenic sites and the receptor binding sites on the upstream of the big peak on the

receptor binding domain.

The changes on the glycosylation site found on the fusion (F’) domain on the HA1
may be helping with more efficient conformational change of the hemagglutinin after its

binding with sialic acid. The folding and structure of the fusion domain may also be
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affected positively with these changes. The changes on the cleave site could be also

helping with more optimal change of confirmation of HA.

The changes on the antigenic sites of the receptor binding domain may be helpful
with better immune evasion of influenza from the host immune system. The changes on
the receptor binding site on the receptor binding domain may be helping with optimizing

the hemagglutinin-sialic acid binding.

— M Glycosylation site found in all almost H1 viruses 202 2
| | Glycosylation site found only in seasonal H1 viruses
— B Glycosylation site found only in 2009-H1 viruses _
| | A:‘Iligenic site N - 19 6 3

o W A highly conserved residue

that may aftect receplor binding specilicity
[ Recaptor binding sile
M Cleavage site
W Transmembrane

T T
e 500 e

Hlueleots e st

HAD
775 HA2
IRLRINE] _ uﬂug*ﬁiﬁi_ii
Fusion (F) Esterase " Receptor-binding % Fusion (F') Fusion (F) Snwnal]’aroen ot al, 2012

Figure 3.50 Sliding window analysis of hemagglutinin nucleotide sequences for Europe

continent for year 2022.

There is only one big peak on the hemagglutinin sliding window analysis of the
2022 Australia nucleotide sequences which is on the antigenic site of the receptor binding
domain of HA1. While there is only peak on the sliding window analysis, the Pi(a)/Pi(s)
rate 1s 5 to 10 times that of Asia, North America, Europe. This suggests that this spot on
the Australia 2022 sequences is a hotspot for nonsynonymous changes. The spot is on the
antigenic site, which suggests that the changes occurring here may be helpful with

influenza’s immune evasion of human immune system.
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Figure 3.51 Sliding window analysis of hemagglutinin nucleotide sequences for Australia

continent for year 2022.

The sliding window analysis of hemagglutinin nucleotide sequences for South
America for year 2022 show a big peak on the glycosylation site on the fusion (F’) domain
of HA1, with a smaller peak on the receptor binding site on the receptor binding domain
of HA1. The Pi(a)/Pi(s) rate of the biggest peak is 20, which is almost two times more
than the 2022 Australia’s biggest peak, and 10 to 20 times more than the Asia, North
America, Europe peaks. This suggest that the nonsynonymous changes happening on

these peaks are even greater than the other continents listed.

The peak on the glycosylation site on the fusion (F’) domain of HA1 may be
optimizing the folding, conformational change, stability of the fusion domain as the
glycosylation helps with correct confirmation of proteins and the function of the protein.
The secondary smaller peak on the receptor binding site of the receptor binding domain
may have positive effects on the binding of hemagglutinin to the sialic acid, which is its

receptor.
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Figure 3.52 Sliding window analysis of hemagglutinin nucleotide sequences for South

America continent for year 2022.

The sliding window analysis result for the hemagglutinin nucleotide sequences
for Africa continent for year 2022 show the greatest Pi(a)/Pi(s) rates out of all the
hemagglutinin sliding window analyses. The biggest peak is on the fusion(F) domain of
the HA2. There are smaller clusters of peaks on the glycosylation site and cleavage site
of the fusion (F’) domain in HA 1, and on the antigenic site of the receptor binding domain

in HA1.

The nonsynonymous changes on the fusion (F) domain may be affecting the
stability of the fusion (F) domain of the hemagglutinin, as well as the efficiency of the
conformational change of the hemagglutinin after its initial binding with sialic acid
receptor. The nonsynonymous changes on the fusion (F’) domain of HA1 may be of
similar nature. The changes on the glycosylation sites could be helping with correct
folding, function, stability of the hemagglutinin while the changes on the cleavage site
may be helping with more optimal conformational change of the hemagglutinin once it

binds to the sialic acid receptors.
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The changes on the antigenic sites may help with the immune evasion of influenza

VIrus.
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Figure 3.53 Sliding window analysis of hemagglutinin nucleotide sequences for Africa

continent for year 2021.

Most of the nonsynonymous changes seen on the hemagglutinin nucleotide
sequences reside within the HA1 section of the molecule which houses the fusion,
esterase, and receptor-binding domains. The peaks are where the most nonsynonymous
changes happen and most of these peaks are seen on the antigenic sites on various

domains and the receptor binding sites on the receptor binding domain.

The changes on the antigenic sites may help with survival of the influenza by
making the antigenic sites unrecognizable by the host immune system. The immune
evasion can help positively by making the virus easier to survive and spread due to being

undetectable by the host immunity.

Changes on the receptor binding sites may help with better binding of
hemagglutinin to the sialic acid receptor. The binding of hemagglutinin to sialic acid

receptor is the first step of entrance to the host cell, therefore the changes happening on
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these sites may help with more efficient and secure binding, increasing the virulence of

influenza.

The cleavage site on the fusion (F’) domain is another site with many peaks, and
the fusion domain of hemagglutinin helps with the conformational change of
hemagglutinin after binding to sialic acid receptor and the following fusion of viral and
host membranes. The changes happening on these sites may help with more efficient

conformational changes.

HAZ2, which houses the fusion (F) site of hemagglutinin is much more conserved
compared to HA1, and there were very few changes in comparison to number of changes
in HA1. By looking at the sliding window analysis results, it can be said that the HA2 of

hemagglutinin is very much conserved in an evolutionary sense.

In the bigger continents (Asia, North America, Europe) the sliding window
analysis for 2022 sequences all showed many different peaks happening over the
sequences, however when looked at the smaller continents (Australia, South America,
Africa) the 2022 sequences only have one big peak. This means that the hemagglutinin in
bigger continents has more than one hot spot that has many nonsynonymous changes
while the hemagglutinin in smaller continents has one spot that has many nonsynonymous
changes. One reason why this may have happened is because the exponential growth rates
are higher in the bigger continents, which means the influenza has spread to a larger
amount of hosts, which means that the hemagglutinin had more chances of replications

and therefore mutations and nonsynonymous changes.

3.3.2 Sliding Window Analyses of Amino Acid Changing
(Nonsynonymous) Nucleotide Diversity of 2009 pandemic influenza

H1N1 NA Nucleotide Sequences

The sliding window analysis of neuraminidase nucleotide sequences of Asia for
year 2021 show a big peak in the globular head domain of the neuraminidase, as well as
some smaller peaks on the transmembrane domain and hypervariable stalk domain of the

molecule. The changes on the globular head domain, which contains the enzymatic active
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site, may positively affect the neuraminidase activity of cleaving the sialic acid-
hemagglutinin link. While not as big, the peaks on the hypervariable stalk domain of
neuraminidase signal nonsynonymous changes also happening there. The changes on the
hypervariable stalk are very important to the functionality of the neuraminidase because
the optimal stalk height is paramount to the survival of the virus. Longer than normal
stalk will interfere with the entrance of the virus into the host cell by preventing the initial
hemagglutinin-sialic acid binding, which is required to facilitate viral cycle. Shorter than
normal stalk will be unable to cleave the bonds between hemagglutinin and sialic acid
once a new viral particle is formed. This failure to cleave the bond will prevent the newly
formed viral particle from leaving the host cell, therefore preventing the virus from

spreading after the initial infection.

Because the changes on the stalk are very important to the survival of the virus,
the nonsynonymous changes that are seen on the stalk domain may be optimizing the
stalk height for optimal neuraminidase enzymatic activity. The stability of neuraminidase
may be also affected by the nonsynonymous changes on both the transmembrane domain

as well as the hypervariable stalk domain.
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Figure 3.54 Sliding window analysis of neuraminidase nucleotide sequences for Asia

continent for year 2021.
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Compared to the nonsynonymous changes in 2021 Asian neuraminidase
nucleotide sequences, 2022 Asian neuraminidase nucleotide sequences show a greater
amount of nonsynonymous change with many more peaks. Most of the peaks are in the
globular head domain of neuraminidase which houses the enzymatic active site. The
changes on the globular head domain may be helping with optimization of the enzymatic
activity of neuraminidase. The stability of the head domain may also be affected by these
nonsynonymous changes. The nonsynonymous changes on the transmembrane domain of

neuraminidase may be positively affecting the stability of neuraminidase.
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Figure 3.55 Sliding window analysis of neuraminidase nucleotide sequences for Asia

continent for year 2022.

The sliding window analysis of neuraminidase nucleotide sequences for North
America in year 2021 show a big peak around the 700™ nucleotide, and smaller peaks on
the hypervariable stalk domain. The changes on the globular head domain, which contains
the enzymatic active site within may be positively changing the efficiency of
neuraminidase enzymatic activity of cleaving the bonds between hemagglutinin and sialic

acid.
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The length of the stalk of neuraminidase plays a crucial role in the survival of the
virus by facilitating enzymatic activity at correct rate. Neuraminidase stalk being too long
will interrupt the hemagglutinin-sialic acid binding required for the entrance to the host
cell whereas the neuraminidase stalk being too short will prevent newly formed viral
particles from exiting the host cell because neuraminidase will not be able to cleave the
bond between the newly formed hemagglutinin and host cell’s sialic acid. The changes

on the stalk may be optimizing the enzymatic activity of neuraminidase.
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Figure 3.56 Sliding window analysis of neuraminidase nucleotide sequences for North

America continent for year 2021.

Compared to the sliding window analysis of neuraminidase nucleotide sequences
for North America in year 2021, the sliding window analysis showed more peaks,
therefore more nonsynonymous changes in 2022. The North American neuraminidase
samples in 2022 show the biggest peak on the hypervariable stalk domain among all the
2022 samples. There are four other major peaks on the globular head domain of

neuraminidase which houses the enzymatic active site.

The changes on the hypervariable stalk domain may be optimizing the length and

the stability of the stalk of neuraminidase. The length plays a role in optimum enzymatic
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activity as too long or too short stalk lengths will be detrimental to the survival of the

virus.

Nonsynonymous changes on the globular head domain may be related to the
enzymatic activity of neuraminidase and the stability of the head domain. Because the
positive selection, these chances may be helping with optimizing the enzymatic activity

of neuraminidase, improving the stability of the head domain.

—

2022
N =670

L

N
| Transmembrane domain i
—

—

Cy o i ypervariable stalk Globular head domain (houses enzymatic active site)

‘Wohldbold et al. 2014

Figure 3.57 Sliding window analysis of neuraminidase nucleotide sequences for North

America continent for year 2022.

The sliding window analysis of neuraminidase nucleotide sequences for Europe
continent for year 2021 show that the biggest changes are happening on the hypervariable
stalk of neuraminidase, and smaller changes on the globular head domain which contains

the enzymatic active site.

The changes on the hypervariable stalk may be related to the stability of the stalk
part of neuraminidase as well as the optimal length of the stalk. The stability of the stalk
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is important for neuraminidase to have structural integrity and support for the
neuraminidase. The length of the stalk of neuraminidase is really important for the proper
functioning of the neuraminidase. The incorrect length of the stalk will either prevent the
release of newly formed viral particles if it is too short, or it will prevent the initial

entrance to the host cell if it is too long.
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Figure 3.58 Sliding window analysis of neuraminidase nucleotide sequences for Europe

continent for year 2021.

The sliding window analysis of neuraminidase nucleotide sequences for Europe
in 2022 show a big peak towards the end of the globular head domain, also throughout
the globular head domain. There are smaller peaks on the transmembrane domain, and

the hypervariable stalk.

The nonsynonymous changes on the globular head domain may affect the
enzymatic activity of neuraminidase. The changes on enzymatic activity may help with
optimizing the efficiency of neuraminidase enzymatic activity. Changes on the

hypervariable stalk domain are important because the height of the neuraminidase stalk
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is crucial for viral function and survival. The correct height will ensure neuraminidase
activity is not too much that it prevents hemagglutinin binding to sialic acid for viral
entrance to host and also ensure that neuraminidase activity will not fail to cleave the

hemagglutinin-sialic acid bonds once the newly viral particles are ready to leave the host

cell.
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Figure 3.59 Sliding window analysis of neuraminidase nucleotide sequences for Europe

continent for year 2022.

The nonsynonymous changes on the neuraminidase nucleotide sequences for
Australia for 2022 happen mostly on the globular head domain, with smaller amounts of
changes happening on the transmembrane domain and the hypervariable stalk of

neuraminidase.

Changes on the globular head domain may affect the activity of the enzymatic site
of neuraminidase, which facilitates proper release of newly formed viral particles from
the host cell. These changes may stabilize the structure of the head domain, which is also
important in enzymatic activity of neuraminidase. The nonsynonymous changes on the

transmembrane domain may help with stability of neuraminidase stalk. The changes on
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the hypervariable stalk domain may also affect the stability of the stalk as well as the
height of the stalk.
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Figure 3.60 Sliding window analysis of neuraminidase nucleotide sequences for Australia

continent for year 2022.

The biggest peak seen on the sliding window analysis of neuraminidase nucleotide
sequences for South America is towards the end of the globular head domain, which may

change the enzymatic activity of neuraminidase.
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Figure 3.61 Sliding window analysis of neuraminidase nucleotide sequences for South

America continent for year 2022.

The sliding window analysis of neuraminidase nucleotide sequences for Africa in
2022 shows that the highest number of nonsynonymous changes happen on the globular
head domain of neuraminidase which houses the enzymatic active site. The changes
happening on the enzymatic site may enhance the enzymatic activity of neuraminidase,
leading to more efficient cleavage of the hemagglutinin-sialic acid bond, which would

positively affect how efficient influenza is for spreading through the host body.
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Figure 3.62 Sliding window analysis of neuraminidase nucleotide sequences for Africa

continent for year 2022.

Most of the nonsynonymous changes that are seen on the sliding window analyses
of neuraminidase nucleotide sequences are on the hypervariable stalk domain and the

globular head domain.

The hypervariable stalk domain, as the name suggests, is changing much more
and these changes may be affecting the stability of the neuraminidase stalk as well as the
height of the stalk. The stability is important for neuraminidase to stay intact. The height
of stalk is very important, because of the purpose of the neuraminidase. If the
neuraminidase stalk is too short, it will physically prevent the enzymatic site to reach the
hemagglutinin-sialic acid links. If the neuraminidase is unable to separate hemagglutinin
from the sialic acid receptor, the newly formed viral particles will not be able to leave the
host cell and will not be able to spread further. If the neuraminidase stalk is too long, then
the enzymatic site will prevent the hemagglutinin from binding to the sialic acid during
the initial entrance to the host cell. If the hemagglutinin cannot bind to sialic acid, the
viral infection of the host cell cannot be facilitated. The changes on the height of stalk
may be positive to the influenza by optimizing the level of enzymatic activity of

neuraminidase.
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The region between 475-500 nt is observed to be conserved in the sliding window
analyses, showing very little to none changes that is nonsynonymous. This region is in

the globular head domain that contains the enzymatic active site.

The sliding window analyses for neuraminidase showed that in year 2021, the
sequences had less peaks compared to 2022, and even if the biggest peak was not on the
hypervariable stalk, there were still some nonsynonymous changes on that region. In
2022, there are more peaks in comparison, which means there are more spots for
nonsynonymous changes compared to 2021. However, unlike in 2021, some of the

sequences showed very little nonsynonymous changes on the hypervariable stalk region.
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CHAPTER 1V

CONCLUSION

The hypothesis of this thesis is studying the molecular evolution of 2009
pandemic HINT1 influenza viral sequences can give valuable information about the types
of selection acting on the hemagglutinin and neuraminidase proteins of the virus. To test
this hypothesis the molecular evolutionary dynamics of 2009pdm-like HIN1 sequences

of influenza A were studied with different kinds of phylogenetic and statistical tests.

While testing the hypothesis, it became clear that there is a slight positive selection
for all of the HA sequences. The pandemic year of 2009 generally had more negative
Tajima’s D values, which indicates positive selection or rapid population growth. While
the TD values are slightly less negative for intermediate years (2015-2021), the values of
2022 are close to the pandemic years. The 2022 HA nonsynonymous TD values are closer
to the pandemic year compared to the other years. Our findings were also supported by
the works of Li et al., Furuse et al., de Vries et al., which showed that the 2009 pandemic
strain of HA is under positive selection®” 8>, The nucleotide diversity of the HA for year
2022 is higher than the pandemic year of 2009, which indicates even though there are
more nucleotide diversity, the selection of these mutations is less positive compared to
the pandemic year. The year 2021 was a unique year for influenza because there were
almost no recorded infections for that year. For HA, this signaled itself as less positive

selection on the genomes, without any statistical significance.

The NA sequences showed a very similar trend to the HA sequences as the
pandemic year of 2009 and post COVID-19 pandemic year show similar results compared
to one another. Once again, the selection on the sequences are positive selections indicated
by the Tajima’s D and Fu-Li’s D* and F* tests. These tests show that there is a positive
selection as well as population growth on the sequences. The works of Biggerstaff et al.,
Correia et al., Xu et al. aligned with our findings, that there is a positive selection acting
on the NA sequences®’ ° ¢!, The population genetics tests with an outgroup showed that

there is little to none fixed differences between the human HINI1 2009 pandemic
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influenza NA and swine HINI1 influenza NA sequences. This suggests a sweeping
selection on the NA sequences. As the years go by, the human pandemic HIN1 NA and
swine HIH1 NA start to diverge from one another, as there are fixed synonymous and
nonsynonymous differences start to appear on the McDonald-Kreitman tests. The work
of Xu et al., 2012 also showed that the swine NA sequences are evolutionary close to the
human 2009pdm NA sequences and these sequences start to evolutionary diverge from

another as the time passes by®!.

Looking at the results, South America region usually has the less negative
Tajima’s D values, and sometimes these values are not significant. This indicates that the
selection on South America region is not as positive compared to the other regions of the

world.

With the findings of BEAST analyses and construction of the timetrees for the HA
and NA proteins, it is not possible to comment on how the influenza starts spreading
around the globe for each season. The findings suggest that there is no certain region that
starts the flu season for northern or southern hemisphere. This is further supported by the
GISAID phylogenetic timetree analyses for the HA and NA sequences (Supplementary
Figure 53, 54). The findings of BEAST analyses also showed that in addition to positive
selection on the HA and NA sequences, they align with the exponential growth model.
2009 showed greater exponential growth rates, which is also seen on the work of

Biggerstaff et al. where the estimation of Ry for 2009pdm HINI influenza is 1.46.

The sliding window analyses of both hemagglutinin and neuraminidase nucleotide
sequences showed where on the sequences the most and the least amount of
nonsynonymous changes are happening. The sliding window analyses of hemagglutinin
showed that most of the changing sites are on the receptor binding domain, and the sites
are mostly antigenic sites and receptor binding sites of the molecule. With the positive
selection acting on the sequences, the changes on the antigenic sites can be attributed to
better immunity evasion of influenza which will help the virus go undetected and spread
easier inside the host body. The changes on the receptor binding sites could help the
hemagglutinin bind to its receptor more efficiently, which increases the chances of the
virus to spread among the host body and among the population. Our findings are in line
with the works of de Vries et al., Furuse et al. which found that the antigenic sites and the

sites that interact with the HA’s receptor are evolving under positive selection, which
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optimizes HA-sialic acid binding>®>°. While the HA1 part of hemagglutinin showed many
peaks (nonsynonymous changes), the HA2 part of the hemagglutinin showed very few
peaks. Looking at the results the HA?2 is very conserved.

The sliding window analyses of neuraminidase showed that there are many
nonsynonymous changes happening on the globular head domain which contains the
enzymatic active site of neuraminidase, as well as the hypervariable stalk of
neuraminidase. There were less changes happening on the transmembrane domain of the
neuraminidase. Seeing that the neuraminidase sequences are also under positive selection
the changes happening on the globular head domain could be attributed to positive
changes on the enzymatic activity of the neuraminidase. These changes could be making
the neuraminidase enzymatic activity more efficient, which will result in more efficient
release of newly formed viral particles from the host cell. The changes on the stalk may
be for the optimization of the length and stability of the stalk part of neuraminidase. The
findings of the sliding window analyses were in line with the works of Correia et al., Xu
et al. which have found that there are positive changes on the head domain of the NA,
which contains the enzymatic active site®! °2. The length of the stalk is very important for
proper viral infection cycle. For neuraminidase, the nucleotide positions between 475-
500 were conserved, however there were not any other parts of neuraminidase to be found

as conserved like in hemagglutinin HA2.

A lot of amino acid changing variants were observed in each year and in each
continent. The effects of these polymorphisms on the structure of HA and NA proteins
will be studied next in order to examine whether these amino acid variants lead to changes
in the protein structure. This information may be valuable for researching novel vaccine

or drug (small molecule) targets against HIN1 2009 pandemic like influenza viruses.
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Supplementary Table 3. Tajima’s D and Fu-Li’s D* and F* tests for neutrality selection

for HA protein of 2009pdm influenza.

Year | Location Gene # of seqgs.
2022 ) H4 TES
2022 EU H4 1363
2022 AS H4 335
2022 Al H4 238
2022 AF HA& 258

2022 118

2020 ELl HA 1382
2020 AS HA 453
2020 Al HA 123
2020 AF HA 173

2015 AS Ha 1363
2018 Al HA 333
2018 AF HA 350

2016 EU HA 1315
2016 AS HA 70
2016 Al HA 163
2016 AF HA 27

2003 EU H& 727
2003 AS H& 341
2003 au H& 140
2003 AF H& 124
2003 =1} Ha ;13

(TD = Tajima’s D)

TD
-£43085"""
-2 36333
-£.33533"
-Z.04540°

-1 E4G21#
-1 3GET1#

-2.50040%"
-243624""
-2.13636"
03415°
-1.513254

-2.51020°"
-2 46302
-2 43666
-2.23332
-Z.41340°7"
-2.34564""

-2 607a0""
-2.63485""
-243782" "
-2.23265"
-2.41763"
-2 61249

-2.70238

TD - Cod.

-E5d7Er
-£.34083""
-£ 28308

-Z.03382"
-1EETTO#
-143403%

-2.43012""
-2.50542""
-2 48671

-2.10008
-2.08084°
-1473254

-2.42458™"
-2.34843™"
-Z 40683

-2 26002
-Z.42d52""

-2 56631
-2 61435

-2.41749™

-2.22316"
-2.40723"

-2.55423™"

-2.63035™"

-274101

-2.77568™"
-2 603557
-2.53333™"

-2771979

TD - Syn.

-£.43026™"
-E.232407"
-2 16363

-1.38736"

-150435#

141421

-2.45617""
-2.44561"
-2.42056™"

-210435°

-2.162a0™
-157800#

-2 352637
-Z. 20633
-Z.37553
-Z.533643"

-2.51543"
-2.53703"
-2.33254™

-2.07554"
-2, 30810

-2. 53118

-2.68172"
-2.71965°"
-2.74038""

-2.5723
-2.5488

-2 648307

TD — Noensyn.
-2.552E7"
-2.44377 "
-2 44757

-1.35210°
-1 73T0#
-1.330344

-2. 276137
-2 482700
-2.368572"
-1.81148°
-1645364
-0.520154

-Z.33836°
-2 26dEd™
-Z.363257
-2 23231

-2.551E1
-2 67T
-2.53051"
-2.47653""
-2. 56170

-2.5e021""

-2 68177
-2.65838™
-2 74463
-2.46645""
-2.46270°"
-2.53139°

TD - Silent

-2.43026°"
223352
27247
-138736°
-150354#
141421

-2.45665""
-2, 44575
-2.41797 "
-2 867"
-2.162a0™
-1530184

-2.4056T "
-2. 270607
-2.35528"""
-Z.2130z™
-Z3TTE4T
-2 33576

-2.51713

-2.53791T
-2.33397"
-2.07a38
-2, 30810
-2.53408™"

-2 6817
-2 7212
-2.74104°
-2.57235"
-2.55424"
-2 648307

Fu-Li's D*
-8. 73353
-8.42373""
-7.068503"
-BATTI"
-6.55776"
-5.05715"

-1.03317
-8.42586™
-7.20852"
-5.4721T
-5.92348™
-4.31785"

-8.54870°"
-8.31155"
-3.78234"
-7.504E7"
-6.133587
-7.73320%"

-3.48318"
-0.27338"
-8
-5.31857"
-6.94971"
-6.7E141"

-11.02073"
-12.0238™
-11.30034°
-7.01505°"
-T.2TE2T
-5.1033

Fu-Li's F*
-5.50d44"
-5.17435"
-5.2502d""
-4.71005"
-4.53168"

-3 9462"

-B.28443"
-5.37982"
-5.32885"
-4.74000"
-4.88155"
-3.77492"

-5. 71205

-5.655084"
-5.44147°
-5.03736™
-4.53560""
-5.44187"
-5. 23596

-6.53143™
-7.6E136""
-7.06064""
-5.837"
-B.07422""
-4.7318
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Supplement Table 4. Tajima’s D and Fu-Li’s D* and F* tests for neutrality selection for

NA protein of 2009pdm influenza.

Year | Location Gene # of seqs. D TD - Syn TD — Nensyn TD - Silent Fu-Li's D* Fu-Li's F*
2022 Ma Ma E70 -2.52839° 7 -2.433037 -2.51488" -2.50007 -8.28129" -5. 73353
2022 EU Ma 1EST -2 475 -2. 37566 -2 6285577 -2.37TTET -8.57347" -5.41552"
2022 AS Ma 336 -2.41006™ " -2.29701" -2.43047 " -2.29337 ST 2R -5 70037
2022 Al Ma 243 -2 144337 " -2.05656" -2 202668 -2 05656 -6.34317"" -5. 246347
2022 AF A 213 -2.03407" g -1.62504 -2157367 -182504° -5. 78005 -4.43655"

2022 i) -1.35364" -1.37270" -1.FETEH -2 12627 -1 TETIEH -5, 43452 -4 60754

2117 -2.47534" -2.5337E" -2.527e1T" -2.58248 -2.52883" -10.62478" -6.20532"
2020 EL N& ES -2d41rdEt -2 4077 -2.321e0mt -2.45368 -2.32349" -8 78557 -5.51302"
2020 AS N& 565 -2dEdzTt -2 4731 -2.31353% -2.583558"" -2.31355" -8.40152" -5.87300""
2020 Al N& 140 -2.18386 -213827" -2 1180 -2, 16365 -2 11507 -4, 7E102 -4, 29335
2020 AF N& 198 -197254" -198860° -1.90077" -2.04333 -190077 -5.24145 -4 36557

a4 -164389% -1E8503# -1.705054 -1.485824 -1 705054 -2.94721 -2 87221

2355 -£.55015" B -2.47703 -Z.4661 -Z.47703"
1604 -2.43308""" B -2 4016 -£.36369 -Z. 41016
1537 -E.d435zE" - -Z.41507" -E.4867E"" -Z.41807""
an -1.96475" -1.35175" -1.63407 -135175"
376 -£.55086""" " -£.53034"" -E.34360% -Z.53z50%"
75 -1.96336" . -1.957142" -1.90012" -195142" ° -3 TOE5E""

7 -Z.BvE20" -2.59764" -2.55142"" -2.53545" -7.91718™ -5.25488"

2016 ELl N& 1 -2 T2E" B -2.66854"" -2 BT -2.66355™" -1.04037 -6 70654
2018 AS e 891 -2.871397" -2.64154"" -2.58647 -2.64134 -8.80280°" -5 91366
2018 Al e 154 -2.55829"" B -2.48502"" -2.54302 -Z.48502%" -6.55430° -5.B0631

27 -252727 2519647 -2.43155™ -2.54007"" -2.42524" -7.3190" -5.73695"
75 -2.50352"" -.2.50352" -2.43641" -2.35410° -2.4964 1" -5.37115 -5.04353""

-Z.GETTI™ -1.82005

-2.6T63"" -10.33363"

-2 T0533™" -12.73833" -7.87645"

-2.42854™ -6, 74453 -5.67407""

-2.54443%" -5.6B0ET" -4.95431
2003 Sh N& B4 -2.55804"" -2.51428 -4.08344° -3.97a58"

(TD =Tajima’s D)
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